in porous media, and to measure oil and water saturation. Although this technique has great advantages compared 14 to others, there remains large space for assessing the method and improving the accuracy of measurement. Using 15 MRI, the oil secondary migration paths are scanned to measure the saturation distribution during the laboratory 16 experiments. The resulting map can be calibrated using a device with the same pore structure as the probed sample 17 and fully saturated with oil. This device is scanned with the probed sample at the same time in order to calibrate 18 the saturation. The Spin-echo multi-slices sequence (SEMS) is adopted for MRI to ensure that the oil saturation in 19 migration paths is accurately measured. The relevant spatial resolution of the mapping is defined according to the 20 concept of REV (representative elementary volume). The oil saturation resulting from data obtained using 21 different image formats are compared and the resulting saturation evaluation is compared to direct bulk saturation 22 measurements. This comparison demonstrates that the calculated MRI oil saturation using DICOM image format 23 is quite accurate, with a relative error less than 2%. 24
These methods are essentially destructive, i.e. samples are destroyed to measure the oil saturation in the porous 5 medium so that the oil saturation can not be dynamically monitored. Besides, all results measured with 6 conventional methods are average oil saturation (Chen et al., 1992; Nicula et al., 1998) , which makes difficult to 7 assess the spatial distribution of oil in the porous medium (Baldwin et al., 1989) . So in the recent decades, hard to distinguish between fluids. Therefore the CT Gamma or X-ray method is not well adapted to observe the 22 oil and water in porous medium (Edelstein et al., 1998; Li et al., 2007) . 23
Compared with the above methods, MRI method has huge advantages in testing oil saturation. First, as a 24 nondestructive and noninvasive method, MRI has a high testing precision 12 and can be used to monitor the 25 saturation change during the experimental process; second, MRI provides a much better contrast to distinguish the 26 fluids between them than CT because it detects the fluids in the porous medium directly; third, MRI does not 27 require a particular shape, realizing 3D spatial quantitative measurement in a real sense; and last, MRI allows to 28 see through opaque rocks, unlike optical methods only suitable for Hele Shaw cells. 29
Many researchers have measured oil saturation by detecting H + density using MRI since 1990s (Baldwin et As pointed out by Kenyon (1992) , the transverse relaxation of fluid in pore medium is governed by free 11 relaxation, surface relaxation and diffusion relaxation: 12 ρ is the transverse relaxation intensity, s v is 14 the specific surface, D is the magnetic diffusion coefficient , γ is the gyromagnetic ratio, and G is the field 15 intensity gradient. The first item on the right side of equations (6) represents the transverse relaxation rate of the 16 free fluid, far from liquid/solid boundaries; the second term represents the surface relaxation rate, while the third 17 term represents the magnetic diffusion relaxation rate. As can be seen in the equation, compared with a pure fluid 18 and its free relaxation time, the fluid in porous medium is partly bounded to the solid, affected by surface 19 relaxation mechanisms, and the transverse relaxation time will be shortened. In general, the diffusion relaxation 20 mechanism does not cause significant differences between the calibration and testing sample in transverse 21 relaxation time, and if short enough E T is adopted to conduct the MRI, the influence of diffusion relaxation can 22 be neglected. 23
In the present experiment, we use oil as displacement phase fluid and a porous medium fully saturated with oil 24 as a calibration sample, 
The specific surface of the porous medium is a decreasing function of the pore radius (Pape et al., 2009), 1 namely, the pore radius will affect the transverse relaxation of fluid in the porous media. To quantitatively 2 evaluate the effect of surface relaxation on the relaxation time, we tested the transverse relaxation time of pure 3 free oil and of the oil in pores of glass bead piling body of different grain sizes (Table 2) , by adopting the 4 multi-echo spin echo sequence (CPMG) ( Wamg et al., 2008) . It can be seen from Table 2 that, with the decrease  5 of the glass bead size, the transverse relaxation time shortens clearly. In order to eliminate this influence, the 6 sample and the calibration should be filled with the glass beads with same size. 7
Sample Making and Testing Method and Flow

8
We conducted secondary migration experiments in a glass tube of length 55cm and inner diameter 2.6cm. To 9 build the migration model, we adopted the wet filling method (Hou et al., 2004) : first, one end of the glass tube 10 was plugged with a rubber plug and filled with water, next a mixture of glass beads and water was poured into the 11 tube, which was beaten and shaken from time to time. Eventually when the top surface of the filled glass beads 12 was 1cm away from the top end, the tube was plugged with another rubber plug, which led to get the model fully 13 saturated with water. The diameter of the glass beads used was 0.6-0.8mm. Oil was dyed red so that its movement 14 could be traced directly optically. The calibration tube used in the experiment, with the same specification as the 15 tube model, was also filled with the same size glass beads using the wet filling method, but it was saturated with 16 dyed oil. 17
Dyed oil was injected into the glass tube from the top end while the water was expelled through the bottom 18 plug. Injection was stopped when the height of the oil column reached 24cm and the glass tube was inverted 19 upside down. Oil migrated upwards driven by the buoyancy and the migration pattern could be observed visually 20 as narrow rising strings (Luo et al., 2004) . After 10 minutes, the migration front almost reached the top end of the 21 glass tube and the tube was moved horizontally in the middle of the MRI testing chamber. The calibration sample 22 was put closely and parallel to the tested sample. 23
The MRI scanner used in the experiment is Wandong 1.5T superconducting MRI scanner at a proton 24 frequency of 63.89MHz. According to the measured 1 
T and 2
T values of oil in the piling glass bead pores, we 25 set R T to 6000ms and set E T as the minimum value allowed by the meter: 15ms. We also set the slice thickness
26
( T ) as 2mm and interval between slices ( G ) as 0.2mm. It took 52 minutes to complete once scan. 
NMR Image Processing
consideration when calculating oil saturation with MRI. Figure 2A is the MRI slice along the horizontal direction, 1 perpendicular to the vertical migration direction, and Figure 2B is the gray level distribution along the red line 2 marked in the slice. In Figure 2A , the white disk in the upper left corresponds to the calibration sample; the white 3 part in the lower right corresponds to the migration path; and the blue circle marks the position of to-be-measured 4 glass tube in the image. As seen from Figure 2B , the gray level in the path in not homogeneous, and even outside 5 of the main migration path, the gray value is not zero, which is commonly called noise. Comparing Figure 2A with 6 Figure 2B , it can be seen that the noise in non-oil area inside the glass tube is consistent with the noise outside the 7 tube, indicating that the NMR signal of manganese water has been completely shielded. 8
The background noise level can be estimated by measuring the gray value of image in an oil-empty area (Chen 9 et al., 1992) , defined as a rectangular area besides the testing sample: From the gray values of each pixel point in 10 such area, the background level is computed as the average value n B :
in which j is number of pixels in the rectangular area, and i g is the gray level of the pixel of index i. n B is about 13 28 and far smaller than the signal of oil. In order to lower the effect of the noise, equation (7) can be modified as: 14 implies to choose a zone in the DICOM image, used for a gray level conversion into the BMP or TIF format. As 22 will be illustrated hereafter, caution has to be paid on the choice of this window in practice, since this affects the 23 type of transform and the quality of the quantitative saturation assessment obtained by the whole treatment chain. 24
The conversion from DICOM format into BMP format is usually partially linear (appendix). The setting of 25 window width and level can directly influence the relative distribution of gray values at each pixel point of the 26 converted BMP format image. 27 Two sets of window and level were compared when converting DICOM image into BMP image. In a first test,the window and level were adjusted to make the migration path clearest and to generate the BMP format image 1 ( Figure 3A) . In a second test, image format was converted from DICOM to BMP while the window width 2 covering the whole signal ranges ( Figure 3B ). The oil saturation distribution was calculated according to Figure 3 3A and Figure 3B respectively ( Figure 4A and Figure 4B ). In Figure 4A and 4B, the average oil saturations in 4 migration path are 48.15% and 35.13% respectively; it is clear that, the selection of windows directly influences 5 the calculation results of oil saturation. By comparing the oil saturation distribution diagram calculated in BMP 6 format ( Figure 4 ) with that calculated directly in DICOM format ( Figure 5 ), it can be found that, only when the 7 window covers the whole pixel interval, both diagrams can match well. This choice should thus always be 8 preferred for a quantitative saturation estimate -even though it may reduce the brightness and contrast of the 9 converted image, which is not the most favorable for the direct observation of the structure of the migration path 10 ( Figure 3) . 11
Assessment of the MRI saturation measurement precision in a porous medium model
12
To check the reliability and determine the accuracy of the oil saturation measurement with MRI, a comparison 13 is done of the total oil mass calculated from the determined saturation distribution with the total oil mass injected 14 into the model. 15
The glass tube was first fully filled with water, with two ends closed by rubber plugs. Then water was poured 
with n is the total number of the slices, the oil volume in the whole model is obtained as:
In the next step, an increment of oil volume is further injected, and the whole measurement chain described 4 above is determined. A total of nine complete scans of the experiments are conducted. After the completion MRI 5 tests, the glass beads were taken out from the glass tube model, washed tidily and dried, after that the total mass 6 2 m of the glass beads, glass tube and rubber plugs is measured. Then the volume of manganese water in the glass respectively. For finger migration path, the calculated total oil volume is 32.4ml whereas the actually injected oil 20 volume is 33ml so that the average relative error between them is 1.82%. For piston migration path, the calculated 21 total oil volume is 78.7ml whereas the actually injected oil volume is 78ml separately, so that the average relative 22 error between them is 0.9%. 23
Discussion
24
Like the porosity and permeability, the saturation is an average physical parameter depending on thefluid saturation, with the minimum pixel of 100μm×100μm×50μm, but it does not mean that the highest spatial 1 resolution is the best choice to adopt. If the spatial resolution was high enough, the local oil saturation should in 2 principle anywhere be either 0 or 100% according to the presence of either water or oil in a pore, which should 3 reflect the smallest details of the structure of the oil distribution at small scales in the pores, but this choice leads 4 to very noisy measurements. The proper measurement scale can be decided according to the concept of REV 5 (Bear, 1972) . On the one hand, the REV shall be small enough to fully reflect the change of spatial distribution of 6 oil saturation on the path, and on the other hand, the REV also shall be large enough to eliminate the effect of the 7 smallest scales, i.e. the effect of the structure of each pore on the determined oil saturation. Figure 9 is the 8 distribution of signal intensity of the calibrating tube fully saturated with oil by testing with different spatial 9 resolutions at the same place. The saturation is homogeneous in the calibration tube, and the choice of the 10 measurement scale should allow recovering an almost homogeneous signal at the REV scale, erasing the small 11 scale variations of the porosity. It can be seen on Figure 9 that, when the resolution is too high, e.g. the pixel 12 reaches 0.25mm*0.25mm, the signal intensity fluctuates dramatically with the change of spatial position; when 13 the pixel reaches 1mm*1mm, the signal intensity basically reaches stability and the influence of porous media 14 structure is eliminated. Consequently, in the tests mentioned in this paper, all MRI resolutions are set as 15 1mm*1mm. It should be pointed out that the proper measurement scale should be determined again by a similar 16 procedure if the size of the glass beads is changed. The intensity of the signal increases while the pixel size 17 increasing because larger pixel covers more oil. 
2
The drainage and imbibition capillary pressures were 1079Pa and 638Pa respectively for the water-air system 3 when the glass bead diameter was 0.72mm (Catalan et al., 1992) . The average diameter used in our experiment is 4 very close 0.72mm. So the drainage and imbibition capillary pressures (1079Pa and 638Pa respectively) can be 5 used to predict the minimum height of the oil column for migrating for our experiment. possible influencing factors, a procedure of measure was developed, and it was established that the oil saturation 10 calculated by MRI has a relatively high precision with the average relative error less than 2.0%. 11
When adopting the gray values of MRI to calculate oil saturation, it is better to directly use the original image 12 in DICOM format; or when the windowing technology is used to convert DICOM format into BMP format to 13 calculate oil saturation, the window must cover the gray value distribution interval of the whole image. Besides 14 the image format, the measurement resolution also should be selected carefully according to the concept of REV. 
contains two parts ---file header and data element. It may be 8 digits, 12 digits or 16 digits. Windowing display 2 technology is often used to convert a DICOM format into BMP format (or TIF format). The so-called windowing 3 display is to specify a gray-level window, and according to the following equation, convert linearly the image in 4 such window area into the largest display scope of the display device, and the image data higher or lower than the 5 limits of window are set as the maximum or the minimum, respectively (Zhang et al., 2003) . 6 0 -2
In the above equation, G is the gray value of BMP image, V is the gray value of DICOM image, w is 
